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Abstract: Robots are increasingly emerging as effective platforms to overcome a wide range of 

challenges in agriculture. Beyond functioning as standalone systems, the agricultural robots are 

proving valuable as collaborative platforms, capable of supporting and integrating with other 

technologies and agricultural activities. In this study, we designed and implemented an automated 

system embedded in a robotic platform to support spraying drone operations. The system consists of 

a robotic platform that carries the spraying drone along with all necessary support devices, including 

a water tank, chemical reservoirs, a mixer, generators for drone battery charging, and a top landing 

pad. The system is controlled by a mobile app that calculates the total amount of water and chemicals 

required and sends commands to the platform to prepare the application mixture. The input 

information in the app includes field area, application rate, and up to three chemical dosages 

simultaneously. Additionally, the platform allows the drone to take off and land on it, enhancing 

both safety and operability. A set of pumps was used to deliver water and chemicals as specified in 

the mobile app. To automate pump control, we used Arduino technology, including both the 

microcontroller and a programming environment for coding and designing the mobile app. To 

validate the system’s effectiveness, we individually measured the amount of water and chemical 

delivered to the mixer tank and compared it with conventional manual methods for calculating 

chemical quantities and preparation time. The system demonstrated outstanding performance, 

achieving high precision and accuracy in delivering the correct amount. This study advances the field 

of agricultural robotics by highlighting the role of collaborative platforms. Particularly, the system 

presents a valuable and low-cost solution for small farms and experimental research. 

Keywords: collaborative robotics; spraying support system; mobile app; agricultural robot; spraying 

drone 

 

1. Introduction 

Robots are revolutionizing agriculture by addressing labor shortages, automating repetitive 

tasks, and enhancing safety. By integrating robots into agricultural systems, we are reshaping the 

industry and also unlocking transformative potential in precision agriculture to ensure food security, 

resource management, and environmental sustainability [1,2]. Additionally, the challenging 

conditions of agricultural environments, combined with increasing demands for high-quality 

production, make robotic technologies a timely and necessary solution [3–5]. An indicator of this 

technological growth and importance is the global agricultural robotics market, which was valued at 

approximately USD 14.74 billion in 2024, and it is projected to grow at a compound annual growth 

rate (CAGR) of 23% from 2025 to 2030 [6]. 

In a recent review, advancements in agricultural robots specifically targeting specialty crops 

were identified [7]. The findings revealed significant interest in robot solutions for harvesting, along 
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with emerging relevance in tasks such as spraying, pruning, weed control, pollination, transplanting, 

and fertilizing. These efforts emphasize the importance of robotic technologies and their problem-

solving capabilities. More notably, the review highlighted the importance of collaborative robotics 

(co-robotics), where robots do not necessarily perform tasks solely, but often in collaboration with 

humans or other technologies [7]. The integration of such systems leverages the strengths of each 

platform, facilitating the execution of tasks that exceed the capabilities of either system independently 

[8,9]. Certainly, activities that require high levels of precision and adaptability, as well as 

considerations such as safety and ergonomics, are key areas of focus for co-robotics [10,11]. For 

instance, Fei and Vougioukas [12] developed a robotic platform to dynamically control worker 

positioning and travel speed in real time during harvesting operations. Their system uses an 

algorithm that adjusts these parameters based on inputs such as the distribution of incoming fruit 

loads and the workers’ fruit-picking rates. The algorithm selects the highest possible speed that still 

ensures the fruit-picking percentage remains above a grower-defined minimum threshold. This 

approach increased harvesting throughput by up to 25%. Another study by Koc and Vatandas [13] 

introduced an autonomous robot designed to optimize fruit transportation logistics in agricultural 

environments. The system was built on the Robot Operating System (ROS) and featured an enhanced 

hybrid navigation system for precise localization. It integrated high-resolution LiDAR for 

environmental mapping, an Inertial Measurement Unit (IMU) for motion estimation, and wheel 

encoders for odometry. The robot was tested across various terrain types to ensure robust 

performance and validate its effectiveness. 

Delving deeper into co-robotics, we could find recent studies exploring collaborative systems 

involving both robots and drones. For instance, a study by Manasherov and Degani [14] introduced 

a co-robotic system comprising a ground-based robotic platform and multiple drones for artificial 

pollination. The platform was equipped with a single sensor to detect flower positions and deployed 

several drones accordingly. An algorithm assigned each drone a sequence of target flowers and 

planned safe trajectories to enable effective pollination via aerial deployment. In another study, 

Mansur et al. [15] utilized drones to generate navigation maps for agricultural robots operating in 

row crops, particularly soybeans. This approach demonstrated the potential of integrating drones 

with ground robots in precision agriculture tasks, such as site-specific application of fertilizers or 

pesticides using small autonomous machines. Notably, these studies underscore the growing 

importance of both robots and drones in modern agriculture and, more significantly, the value of 

their collaboration. While drones are already a well-established technology in the agricultural sector, 

primarily used for remote sensing [16], they have recently emerged as effective platforms for spraying 

applications [17]. 

Spraying drones present a promising solution to many challenges associated with conventional 

manual and machinery-based application methods [18]. These include reducing human exposure to 

chemicals [19], enabling low-volume application [20], accessing difficult or uneven terrain [21], and 

increasing efficiency [22]. However, despite their advantages, several operational concerns remain, 

particularly regarding field support requirements. Typically, a field team is needed to set up the 

drone and, more critically, to prepare the application mixture, which is a labor-intensive, time-

consuming, and susceptible to error task. Commercially, trailer-based systems are available to carry 

spraying components such as water tanks, mixers, chemicals, and pumps to prepare the application 

mixture. However, they are generally unsuitable for family-owned or small farms with smaller areas 

due to their high cost and scale, making the overall operation less viable. Additionally, it adds 

complexity for the end user to lead with non-user-friendly platforms. 

Considering the importance of spraying drones and the collaborative potential of robotic 

systems, our objectives were to design and implement a robotic system to support spraying drone 

operations, focusing on small farms and research field support. To provide a clearer understanding 

of our approach, the following sections detail our methodological framework (Section 2). This section 

includes the robotic system architecture, platform components, programming and control interface, 
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and the parameters used to evaluate the system’s effectiveness. We then present the results of the 

performance assessment (Section 3) and conclude with final remarks (Section 4). 

2. System’s Framework 

2.1. Robotic Platform 

A ground robot (Farm-ng Amiga, Watsonville, California, USA) was the platform deployed for 

this study (Figure 1). It is a 4x4 all-electric skid-steer vehicle powered by a 1.32 kWh dual battery 

pack, guaranteeing approximately 3 hours of operating time. The robot’s load capacity includes 

hauling up to 430 kg, towing up to 900 kg, lifting up to 360 kg (with a 3-point lift kit), and reaching 

speeds of up to 8 km/h. Additionally, it is composed of crossbars and truckbars that are fully 

adjustable to the desired wheel track width. For this specific study, the robot was configured to a 

width of 0.80 m and a length of 1.13 m. It served as the base vehicle, with all components subsequently 

installed on it. The robot is operated via a pendant controller, and settings are accessed via a 

touchscreen dashboard display. 

 

Figure 1. Components of the Farm-ng Amiga ground robot. 

2.2. Components of the System 

The main components included a 150-L water tank, three 3.5-L chemical reservoirs, a 60-L 

mixing tank, two generators for drone battery charging, and a top landing pad (Figure 2). In this 

system, independent pumps were designated to deliver water and chemicals to the mixing tank. 

Considering the low-volume application, low-pressure, and repeatable chemical dispensing, we used 

peristaltic pumps for dispensing chemicals, ensuring precision and accuracy. Chemical pumps 

achieve a nominal flow of approximately 500 mL/min. Conversely, the pumps for the water supply 

and the mixer/filling process need to operate at higher volumes to ensure a faster process. Therefore, 

for the water supply, we used higher-pressure pumps with a nominal flow of approximately 50 

L/min. The pump designated for the mixer tank was implemented to extract the application mixture 

through suction and recirculate it back into the mixer tank via a tank agitator device installed in the 

mixing tank. This system was also integrated into the drone filling process using a solenoid valve 

system. When the agitation is running, a solenoid valve is normally open, allowing the application 

mixture to recirculate to the mixing tank. A momentary push button was installed in the filling nozzle 

trigger; when the trigger is pressed, the solenoid valve system closes the solenoid of the mixing 

process and opens another solenoid valve, delivering the application mixture to the drone’s tank 

through the hose. To start the mixer/filling process, we installed a toggle button for customized and 

rapid action according to the user’s needs. 
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Figure 2. Components of the robotic system. 

2.3. Programming and Control Interface 

Water and chemical pumps were automatically controlled using a microcontroller (Arduino 

UNO R4 WIFI). In addition to the microcontroller, Arduino technology includes a cloud 

programming interface (https://app.arduino.cc), allowing for dashboard creation and full control 

through a mobile app (IoT Remote). Initially, we developed a programming code to perform all the 

desired steps (Figure 3, left). This code determines all the input and output signals the microcontroller 

needs to handle. Subsequently, we created a mobile app to transform the process into a user-friendly 

platform (Figure 3, right). Through the app, the user only needs to fill in the boxes with information 

such as “Area (acre)”, “Rate (GPA)”, and up to three chemicals (“Chemical 1”, “Chemical 2”, and 

“Chemical 3”). Additionally, we implemented a list of illustrative examples of pre-saved chemicals 

to facilitate further suggested chemical doses. As a result, this system automatically calculates the 

“Total number of tanks” needed to execute the spraying task in the specific field, and the “Total 

Chemicals” needed for each active ingredient in the field. To initiate the application mixture 
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preparation, the user only needs to press the “ON/OFF” button to turn the system on. Similarly, when 

needed, the user can also interrupt the operation by clicking the button again to turn it off. As the 

application progresses, the mobile app continuously updates the user on the “Number of remaining 

tanks”. The mobile app also contains a “Reset” button to restart the system and clear previous input 

information. To complement the description and better illustrate the system in operation, a 

supplementary video is provided (Video S1). 

 

Figure 3. Arduino cloud programming environment (left) and mobile app interface (right). 

2.4. Analysis of the System’s Effectiveness 

Before evaluating the system’s effectiveness, we meticulously calibrated the pumps by 

conducting detailed measurements of the time required to deliver varying amounts of both water 

and chemicals. For safety and consistency in this initial study, only water was used in the chemical 

reservoirs. As a result, the water pump exhibited a real flow rate of approximately 27 L/min, while 

the chemical pumps operated at around 420 mL/min. Following calibration, we employed evaluation 

metrics to assess both the precision and accuracy of the robotic system. Precision was quantified using 

the standard deviation (SD) and the coefficient of determination (R2), while accuracy was evaluated 

through the mean absolute error (MAE) for water and chemical dosages. These metrics enabled us to 

quantify the system’s consistency and reliability in delivering the target application rates. To perform 

this evaluation, we programmed six different application rates and chemical dosages into the mobile 

app for delivery into the mixer tank. The water pump was tested with volumes of 10, 20, 30, 40, 50, 

and 60 L, while the chemical pumps were tested with dosages of 100, 200, 300, 400, 500, and 600 mL. 

Each application rate and dosage was measured five times to ensure statistical robustness. 

In addition to dosage analysis, we conducted a comparative study on time efficiency, focusing 

on two key processes: 

(i) chemical rate calculation using the conventional manual method versus the robotic system via 

the mobile app. 

(ii) chemical dosing using traditional tools (e.g., graduated cylinder) compared to the automated 

robotic system. To ensure consistency and reduce bias, five independent and experienced 

individuals were assigned to perform the manual calculations and measurements. 

3. Performance Assessment 

The results of the robotic system demonstrated high performance in delivering the desired 

amount of water and chemicals into the mixing tank (Figure 4). When delivering water, the system 

proved to be both precise (R2 > 0.99; SD = 0.33–0.59 L) and accurate (MAE = 0.21 L) (Figure 4A). 

Overall, water delivery was consistent across all the application rates. When delivering chemicals, 

the system also showed high effectiveness, with R2 > 0.99, SD < 3.61, and MAE = 0.93 mL (Figure 4B). 
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Notably, the chemical pumps exhibited a trend of increasing variability at higher dosage levels. 

However, this increased variation remained below 1%. 

 

Figure 4. Robotic system effectiveness in delivering water (A) and chemicals (B). The red solid dots represent 

the average values of five observations (± standard deviation), the red solid line represents the linear adjustment 

model, and the black dashed line represents the perfect agreement (1:1). 

Regarding the time required to calculate and measure chemical dosages, the robotic system was, 

on average, 9.3 times faster than manual calculation (Figure 5A). For example, calculating the 

chemical dosage for a specific field manually took an average of 3 minutes. In contrast, using the 

mobile app, results were generated instantly, with the only time required being the user’s input, 

which averaged only 20 seconds. Additionally, the robotic system also outperformed manual 

methods in measuring and delivering chemical dosages (Figure 5B). In a test involving the 

measurement of 420 mL using the chemical pumps, the robotic system completed the task twice as 

fast as manual measurement. 

 

Figure 5. Time spent in calculating the chemical dosage (A) and in measuring/delivering it to the mixer tank (B). 

The red boxes represent the time spent by the manual process, while the blue boxes represent the time spent by 

the mobile app. 

4. Final Remarks and Conclusions 

In this study, we designed and implemented an automatic mixing and refiling platform 

mounted on a robotic system to support spraying drone applications. The system integrates 

hardware and software components to automate several critical steps in the spraying process. Such 
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steps involve transporting the drone along with all necessary spraying components, preparing the 

application mixture, and serving as a platform for drone takeoff and landing directly on it. This 

collaborative approach demonstrates how ground-based robotic platforms can extend the 

functionality and operational efficiency of aerial spraying drones. To the best of our knowledge, this 

represents a novel approach and a pioneering solution aimed at supporting small farms and 

experimental research fields, for whom large-scale commercial field systems are often financially and 

logistically inaccessible. 

Small farms represent a substantial portion of global food producers, yet they frequently lack 

access to advanced agricultural technologies [1,23]. By combining mobility, automation, and user-

friendly control via a mobile app, our system supports small farms owners to improve productivity 

and safety, while contributing to broader goals of food security, economic resilience, and sustainable 

land management. Mobile-app-based solutions are increasingly being developed and recommended 

as effective tools to facilitate technology adoption among farmers [24–26]. In our study, for instance, 

the mobile app serves as an in-pocket solution that allows users to easily configure spraying 

parameters. Overall, our system supports field-level precision agriculture without demanding 

extensive technical expertise from the operator. Moreover, this development introduces these 

technologies within a co-robotic concept. It serves as a valuable asset for agricultural tasks and has 

been highlighted as a direction to facilitate robot adoption, primarily by significantly reducing labor 

[7] and improving overall efficiency [12,14]. 

Our results demonstrated that the robotic system accurately and precisely delivered the desired 

amount of water and chemicals into the mixing tank, eliminating the need for human intervention 

and minimizing subjectivity. Furthermore, the system outperformed traditional manual methods in 

terms of speed. More importantly, the system presents potential social, environmental, and economic 

impacts. Socially, it can reduce human exposure to hazardous chemicals, particularly during the 

measurement and mixing automatic process, steps identified as primary sources of chemical 

exposure [27]. Environmentally, it minimizes chemical waste and contamination, supports cleaner 

disposal practices, and contributes to sustainable chemical use. Economically, it potentially lowers 

costs from chemical overuse and waste, increases operational efficiency and precision, and reduces 

expenses related to health and environmental impacts. All these impacts are aligned with the United 

Nations (UN) Sustainable Development Goals (SDGs) and the Environmental Protection Agency 

(EPA) Endangered Species Act and Pollinator Protection Actions. 

To further enhance automation, future studies will incorporate a robotic arm to automate the 

drone filling and refilling process. This addition will complete the automation loop and also eliminate 

the need for human involvement in these tasks, thereby increasing safety and operational efficiency. 

Additionally, a built-in display on the platform will provide an alternative interface to the mobile 

app, increasing accessibility for users in the field. Ultimately, the system is envisioned to become fully 

autonomous, capable of navigating the field and coordinating directly with the drone to optimize 

mission planning and battery management. Certainly, this step will require further communication 

and coordination between the collaboration robot-drone [28]. 

In conclusion, this study represents a substantial contribution to the advancement of agricultural 

robotics by demonstrating a practical, low-cost, and collaborative platform. It opens new possibilities 

for efficient and safe spraying operations, particularly in small-scale and research farming 

environments, and lays the groundwork for future developments in co-robotic systems designed to 

meet the evolving challenges of precision agriculture. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org, Table S1; Total cost of the robotic system. Video S1: field demonstration. 
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